Thin films of colossal magnetoresistance ͑MR͒ material La 0.7 Ca 0.3 MnO 3 were implanted with 200 keV Cr ions over a range of fluence from 1ϫ10 13 to 5ϫ10 15 ions/cm 2 . Resistance measurements were made in zero and applied magnetic fields of up to 8 T. At fluences of 1ϫ10 14 and 5 ϫ10 14 Cr ϩ /cm 2 , the resistance was much greater than in the unimplanted material and the metalinsulator transition temperature was suppressed to values below 20 K. For the highest fluence (5 ϫ10 15 ions/cm 2 ), a reentrant metal-insulator-type transition was observed and the resistance dropped significantly. Furthermore, improvement in the low-field MR was observed between the virgin and high fluence implanted films for fields less than 500 mT. These results are interpreted in terms of changes in magnetic properties with depth, defect creation, and the influence of oxygen deficiency. © 1998 American Institute of Physics. ͓S0003-6951͑98͒00333-7͔
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Recent investigations of colossal magnetoresistance ͑MR͒ materials have been focused towards applications. To this end, materials are sought with higher Curie temperatures (T c ) and greater MR change in the vicinity of T c and in lower magnetic fields. Magnetoresistance effects can be separated into two types: high-field effects associated with the intrinsic paramagnetic-to-ferromagnetic and simultaneous insulator-to-metal transitions 1 and low-field effects usually associated with grain boundaries. 2 Recently, progress has been made towards understanding the origin of low-field MR effects. Reports have been made on polycrystalline thin films 3, 4 where the low-field MR effect increases as the sample is cooled from T c . In artificial grain-boundary structures 5, 6 it has been demonstrated that the low-field effect disappears close to T c . Of promise for applications, low-field effects have also been reported in epitaxial thin films 7, 8 where the effect is limited to temperatures around T c , although this behavior is not yet completely understood.
The influence of ion implantation on low-and high-field MR effects have not been widely studied. Chen et al. 9 implanted 200 keV Ar ϩ ions at fluence between 10 11 and 10 15 ions/cm 2 and found that the major influence of the implantation was to increase peak resistivity, and magnetoresistance, and decrease magnetoresitivity peak temperature. A detailed mechanism for these effects was not presented. In the present study La 0.67 Ca 0.33 MnO 3 thin films were implanted with Cr ions in order to study the influence of the implantation on low-and high-field MR effects.
Our films were grown by pulsed laser deposition and patterned by ion milling. The thickness of the films was around 200 nm as measured by profilometry. The thickness of the films is known only to within 20 nm and to show the actual data resistance, not resistivity, is plotted. Before implantation the films were annealed in 0.8 atm. O 2 for 4 h at 900°C. These annealing conditions had previously been found to lead to saturation of film properties.
10
X-ray ͑Bragg-Bretano and rocking curve͒ measurements were made on similar, saturated and unimplanted films. The films were ͑001͒ oriented with no peak splitting, which would have indicated distortion from an ideal cubic lattice, and the rocking curve width was ϳ0.2°. Note that low-temperature, low-field grain-boundary effects are usually only seen in polycrystalline thin films with larger rocking curve widths.
The films were then implanted with fluences of 10 2 . An unimplanted sample, which underwent a saturation anneal, was used for comparison and was denoted as the virgin film ͑vir͒. The lowest fluence was chosen to coincide with a fluence used in Ref. 9 in order that the effects of the two different types of ions could be compared.
The implantation modeled using the TRIM program 11 for a 200 nm film predicted high damage for the higher dose samples and amorphization at the surface of the film. Rutherford backscattering spectra on Ar ϩ implanted films 9 also showed almost complete disorder near the sample surface for a dose of 10 15 ions/cm 2 . Assuming a film density of 6.5 g/cm 3 , the maximum in the Cr content was predicted to occur at 100 nm, and, if all the Cr substituted into the lattice, this would imply for the highest dose a 2.7% substitution per formula unit. showed that for the highest implantation dose the profile of the variation of Cr ions with depth did indeed show a maximum around 100 nm.
Resistance as a function of temperature, R(T), was measured between 20 and 300 K using the standard four-point technique and constant current. Magnetoresistance was measured in fields up to 8 T using a superconducting magnet. After measurements were made on the implanted films, they were again subjected to a saturation anneal. Figure 1 shows the resistance in 0 and 8 T for the five films. It can be seen that the resistance was greatly increased over the unimplanted value for all implanted samples except the one with the highest dose. For the lowest dose, the metal-insulator ͑MI͒ transition is shifted down to a lower temperature. For the films implanted with fluences of 10 14 and 5ϫ10 14 ions/cm 2 , Figs. 1͑c͒ and 1͑d͒, the resistivity behavior becomes semiconductorlike at all temperatures measured although significant MR is observed. The 10 13 ions/cm 2 implantation qualitatively reproduced that shown in Ref. 9 . Of specific interest in this study was the observation that increasing the fluence further to 5 ϫ10 15 ions/cm 2 causes a peak in the resistance to reappear within our measurement window. The peak resembles that of the virgin film and we attribute it to a MI-type transition occurring at the peak temperature. The measurement was repeated two weeks later, see Fig. 2͑b͒ . Although the details of the R(T) curve had changed, most importantly, the presence of the reentrant peak in the resistivity is still clearly visible. The magnitude of the resistance at the peak temperature and the temperature at which the peak occurs (T p ) are comparable to the previous measurement.
The MR behavior where MR(%)ϭ100ϫ͓(0) Ϫ(B)͔/(0) for Bϭ8 T is shown as a function of temperature in Fig. 3 . Even the lowest dose implantation significantly broadens the width of the MR peak ͑as estimated from the full width at half maximum͒. Figure 4 shows the MR(B) behavior of the virgin, lowest dose, and highest dose films at their respective T p . Most striking is the enhancement of the low-field behavior in the implanted films. For the high dose film, the measurements made two weeks apart are shown and it can be seen that at T p no significant changes to the lowfield MR behavior occurred.
After the postimplantation saturation anneal, the films showed magnetotransport properties resembling the virgin sample except T p was depressed systematically by an amount which increased to 25 K for the highest dose film. The enhanced, low-field MR behavior at T p also vanishes after the anneal. This behavior is consistent with the previously reported Ar ϩ implantation study, which also found that the ion induced damage could be annealed by hightemperature treatment. 9 Although we have no direct evidence that Cr has substituted onto the Mn site, it is interesting to review work where this has been studied. The magnetic properties of the LaMn 1Ϫx Cr x O 3 system were studied by Jonker 12 was positive, i.e., ferromagnetic. Recently, Gundakaram et al. 13 confirmed the Jonker result, since LaMn 1Ϫx Cr x O 3 was found to be ferromagnetic and semiconductorlike, although it had a MR ϳ20% in 6 T. Interestingly, in systems with localized carriers, such as the charge ordered insulator Pr 0.5 Ca 0.5 MnO 3 , Cr substitution was found to induce a MI transition 14 implying that the charge ordered symmetry was broken and/or the creation of a second channel for carriers to move through was made possible. The mechanism for this remarkable behavior is not known although it was suggested that the mixed valence states of chromium were important in understanding the interplay between ferromagnetism and antiferromagnetism in these materials.
In the present study, the breadth of the MR(T) peak is suggestive of oxygen or other stoichiometric inhomogeneity created by implantation. Consistent with the present observations, Mahendiran et al. showed that oxygen loss lowers T p , broadens MR(T), and can separate T p and T c by as much as 100 K. 15 The depression of T p by up to 25 K after the saturation anneal, also indicates residual defects which impaired mobility. A qualitative explanation of the general R(T) behavior can be given in terms of an interplay between oxygen loss reducing the number of carriers and defect creation restricting carrier mobility. These lead to increased resistance and depressed T p , as observed in La 0.67 Ba 0.33 MnO 3Ϫz ͑Ref. 2͒ and Ar ϩ implanted films. 9 However, the reentrant behavior of the MI transition, not previously observed in the LCMO system, indicates that the observations are not entirely due to oxygen loss and defect creation, which would be expected to increase as the fluence increases. The Raveau study 14 may be relevant in this respect, since carriers are present in our films together with disorder causing localization. It is plausible that Cr 3ϩ has substituted onto Mn sites at the highest fluence allowing a second channel for carriers, thereby reducing the resistance and enhancing T p . It is also possible that cation vacancies will be created, becoming interstitials within the lattice. 16 In fact, MR properties of the implanted thin films are of technological interest since the highest fluence sample shows a dramatic improvement of the low-field MR at its T p . The study by Ju et al., 2 showed that oxygen loss enhances the low-field R(B) slope at low temperatures. The low field enhancement witnessed in the present study would suggest enormous oxygen loss had taken place in the implanted films. It is not clear if this would occur in the grains or at the grain boundaries. Another explanation in terms of inhomogeneous doping producing ferromagnetic clusters imbedded in a nonferromagnetic matrix also results in enhanced MR behavior as has been alluded to by a number of authors. [17] [18] [19] This behavior may in some cases also be attributed to locally increased anisotropic strain. The enhancement of the lowfield MR at T p suggests that oxygen loss and the nonuniform depth distribution of implanted ions may play a role. ) were studied. A reentrant behavior in the MI properties was observed. We suggest that the resuls can be understood in terms of two competing effects. At low doses, magnetic ion implantation causes disorder and oxygen loss, reducing the Mn 4ϩ content and reducing carrier mobility, and at higher doses Cr substitution onto the Mn sites allows double exchange effects to occur through a second conduction channel. The dramatic improved low-field R(B) properties are attributed to the creation of a magnetically inhomogeneous material and the effects of oxygen deficiency. The exact role of oxygen deficiency in determining, if at all, the enhanced low-field behavior is currently being investigated.
